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	 The	 goal	 of	 this	MQP	 is	 to	 examine	 the	number	of	MCM	complexes	 loaded	on	 single	
replication	origins	before	S	phase,	the	synthesis	phase	of	DNA	replication,	is	initiated.	In	order	
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an	ordered	series	of	steps	 in	order	to	produce	the	factors	necessary	 for	all	phases	of	 the	cell	
cycle.	

















genome	 is	 determined.	Within	 this	 phase,	 some	portions	 of	 the	 genome	 replicate	 early,	 and	
others	 late,	 creating	 a	 characteristic	 pattern	 of	 replication	 timing.	 Recent	 models	 propose	
stochastic	 regulation	 of	 origin	 firing	 wherein	 firing	 time	 of	 an	 origin	 within	 a	 population	 is	
equivalent	 to	 the	 probability	 of	 that	 origin	 firing	 at	 the	 single-cell	 level	 (Yang,	 Rhind,	 &	
Bechhoefer,	2010)	(Das,	Borrman,	Liu,	Bechhoefer,	&	Rhind,	2015).	An	origin	that	fires	with	high	
probability	is	more	likely	to	fire	early	in	S	phase	while	an	origin	that	fires	with	lower	probability	
is	 unlikely	 to	 fire	 early	 in	 S	 phase,	will	 have	 a	 later	 average	 firing	 time	 and	will	 be	 passively	
replicated	(Yang,	Rhind,	&	Bechhoefer,	2010)	(Das,	Borrman,	Liu,	Bechhoefer,	&	Rhind,	2015).	
	 As	 cells	 differentiate,	 origin	 firing	 patterns	 change	 and	 correspond	 to	 patterns	 of	
transcriptional	 regulation	 and	 chromosome	 structure,	 implying	 a	 relationship	 between	
replication	 timing	 and	 processes	 of	 genome	 metabolism	 like	 gene	 expression	 and	 genome	
evolution	 (Goren	 &	 Cedar,	 2003)	 (Rhind	 &	 Gilbert,	 DNA	 replication	 timing,	 2013).	 However,	
there	are	uncertainties	in	the	regulation	of	origin	firing,	leading	to	two	different	hypotheses	for	
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replication	 in	a	population	 is	heterogeneous,	 this	model	assumes	that	 the	 firing	of	one	origin	
does	 not	 affect	 another	 and	 that	 the	 process	 is	 independent	 (Bechhoefer	 &	 Rhind,	 2012).	
Studies	 have	 demonstrated	 heterogeneous	 patterns	 of	 origin	 firing	 (Patel,	 Arcangioli,	 Baker,	




al.,	 2014).	 This	 inefficiency	 suggests	 some	 origins	 are	 passively	 replicated	 by	 a	 fork	 from	




	 Experimentally,	the	stochastic	model	has	been	addressed	 in	a	 large	population	of	cells	
based	on	mathematical	analysis	of	replication	kinetics.	This	model,	based	on	the	budding	yeast	
Saccharomyces	 cerevisiae,	 outlines	 a	 multiple-MCM	 system	 in	 which	 replication	 timing	 is	
dependent	on	the	number	of	MCM	complexes	loaded	on	origins	of	replication	(Yang,	Rhind,	&	
Bechhoefer,	2010)	(Rhind,	Yang,	&	Bechhoefer,	Reconciling	stochastic	origin	firing	with	defined	
replication	 timing,	 2010).	 Following	 this	 model,	MCM	 complexes	 are	 stochastic	 and	 activate	
with	similar	probabilities	across	the	genome.	Origins	with	more	MCM	complexes	loaded	are,	on	
average,	more	likely	to	fire	early	in	S	phase	(Das,	Borrman,	Liu,	Bechhoefer,	&	Rhind,	2015).		
	 The	 multiple	MCM	model	 was	 first	 used	 to	 show	 that	 early-firing	 origins	 have	 more	
MCM	 complexes	 loaded	 than	 do	 later-firing	 origins.	 Using	 ChIP-seq	 in	 G1	 arrested	 cells,	 the	
genome-wide	distribution	of	MCM	complexes	was	examined.	The	signal	was	concentrated	on	
known	 origins,	with	 increased	 levels	 on	 those	 that	 fire	 earlier:	 ARS1012,	 ARS1014,	 ARS1018,	
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and	ARS1019	(Fig.	2A).	This	data	showed	that	there	 is	a	strong	correlation	between	the	ChIP-
seq	 signal	 and	 the	 origin	 timing	 parameter,	 n,	 across	 the	 genome	 (Fig.	 2B)	 (Yang,	 Rhind,	 &	
Bechhoefer,	2010).	N	is	a	direct	estimate	of	origin	timing,	describing	the	firing-time	distribution	
of	origins	and	not	origin	replication,	which	 is	 influenced	by	passive	replication	(Das,	Borrman,	
Liu,	 Bechhoefer,	&	Rhind,	 2015).	 The	 origins	whose	 signal	 falls	 above	 the	 diagonal	 represent	
more	MCM	complexes	loaded	than	the	mathematical	model	predicted.	These	include	telomeric	








 This	 data	 was	 used	 to	 conclude	 that	 the	 relative	 number	 of	MCM	 complexes	 loaded	
during	 G1	 regulates	 origin	 firing	 timing	 during	 S	 phase	 based	 on	 results	 that	 only	 used	 the	
relative	number	of	MCMs	at	origins	(Das,	Borrman,	Liu,	Bechhoefer,	&	Rhind,	2015).		
 This	 model	 was	 next	 used	 to	 illustrate	 that	 early-firing	 origins	 have	 multiple	 MCM	
complexes	 loaded.	 Different	 origins	 were	 engineered	 into	 the	 TALO8	 plasmid	 system	 and	 a	




Western	blotting	was	used	 to	determine	how	many	MCM	complexes	were	 loaded	relative	 to	
the	Zif268	control	(Fig.	3A,B).	After	providing	evidence	that	multiple	MCMs	can	be	loaded	on	a	
single	origin	and	affect	firing	time,	this	model	was	used	to	show	that	reducing	the	number	of	





 The	 evidence	 from	 this	model	 presents	 a	mechanistic	 overview	 of	 how	 replication	 is	
timed	 and	 regulated	 in	 Saccharomyces	 cerevisiae	 (Das,	 Borrman,	 Liu,	 Bechhoefer,	 &	 Rhind,	
2015).	 It	 supports	 the	model	 of	 replication	 timing	 as	 a	 stochastic	 event	with	 competition	 at	
origins	 for	 rate-limiting	 activators.	 The	 experimental	 data	 suggests	 that	 origins	 that	 compete	
more	efficiently	for	limiting	activators	are	more	likely	to	fire	early,	and	thus,	replicate	early.	The	
number	of	MCM	complexes	loaded	at	origins	contributes	to	this	competition	and	leads	to	the	
efficiency	 and	 timing	of	 origin	 firing	during	 S	 phase.	One	MCM	 is	 no	more	 likely	 to	 fire	 than	
another,	 but	 increasing	 the	 number	 of	MCM	 complexes	 at	 an	 origin	 increases	 the	 likelihood	
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that	it	will	fire	earlier	than	an	origin	with	fewer	complexes.	Therefore,	this	model	demonstrates	
a	 “biochemically	 plausible	 mechanism	 for	 regulating	 origin	 efficiency	 and	 timing”	 based	 on	




	 Although	 the	 stochastic	 model	 illustrates	 how	 replication	 timing	 is	 regulated	 in	 a	
population	 array,	 it	 leads	 to	 important	 questions	 about	 how	MCM	 complexes	 are	 loaded	 at	
single	origins.	As	stated	previously,	there	are	two	hypotheses	for	which	MCM	loading	may	be	
regulated:	the	rate	at	which	MCMs	are	loaded	or	the	capacity	for	MCM	loading	(Yang,	Rhind,	&	
Bechhoefer,	 2010).	 If	 MCM	 loading	 is	 rate	 dependent	 due	 to	 the	 specific	 activity	 of	 ORC	
determining	 how	many	 complexes	 are	 loaded,	with	 no	 effect	 from	 crowding,	 then	 a	 Poisson	
distribution	of	MCM	numbers	is	expected	(Birnbaum,	1954).	A	skewed	bell-shaped	curve	with	a	
rightward	tail	would	be	expected	(Figure	4A)	(Das	&	Rhind,	2016).	However,	if	the	capacity	for	
MCM	complexes	 to	be	 loaded	 is	 limited,	with	high	 capacity	origins	 able	 to	 load	more	MCMs	
than	 low	 capacity	 origins,	 a	 saturation	model	 would	 be	 expected.	 ORC	would	 load	 as	many	









	 Previously	 cited	biochemical	analysis	of	 replication	 timing	provided	 the	multiple	MCM	
model	and	the	stochastic	hypotheses.	However,	the	data	was	limited	in	that	it	only	estimated	
the	average	number	of	MCMs	loaded	at	origin	(Das,	Borrman,	Liu,	Bechhoefer,	&	Rhind,	2015).	
Single	molecule	biochemistry	 can	be	 implemented	with	 fluorescent,	 single-molecule	 counting	
of	 MCMs	 loaded	 in	 vivo	 to	 measure	 the	 distribution	 of	 the	 number	 of	 MCMs	 loaded	 on	
individual	origins	(Friedman	&	Gelles,	2015).	




located	 in	 its	DNA	binding	domain	 (Schumacher,	Choi,	 Zalkin,	&	Brennan,	1994).	 The	domain	
binds	base-specifically	to	the	major	groove	in	the	operator	region	with	residues	of	related	hinge	




(Daber,	 Stayrook,	 Rosenberg,	 &	 Lewis,	 2007).	 This	 system	 may	 be	 amplified,	 with	 multiple	









independent	 of	 the	 synthetic	 probe	 attached	 to	 BG	 (SNAP-tag	 Technologies:	 Novel	 Tools	 to	
Study	Protein	Function).	Next,	 there	are	no	restrictions	on	expression	host	with	the	SNAP-tag	









649-fluorophore	 for	 labeling,	 biotin	 is	 attached	 to	 BG.	 When	 the	 flow	 cell	 is	 coated	 in	
streptavidin,	 the	 well-characterized	 relationship	 between	 biotin	 and	 streptavidin	 pulls	 the	
entire	 single	molecule	 complex	 down.	 This	 interaction	 is	 one	 of	 the	 strongest,	 non-covalent	
interactions	(Chivers,	Koner,	Lowe,	&	Howarth,	2011).	The	high	binding	affinity	is	due	to	several	
chemical	 interactions.	 First,	 there	 is	 a	 complementarity	 between	 the	 binding	 pocket	 of	
streptavidin	 and	 biotin	 with	 8	 hydrogen	 bonds	 made	 to	 residues	 within	 the	 binding	 site	
(DeChancie	 &	 Houk,	 2007).	 Next,	 there	 is	 a	 ‘second	 shell’	 involving	 hydrogen	 bonding	 to	
residues	within	the	first	shell	and	numerous	van	der	Waals	forces	made	to	the	biotin	when	in	


































































	 First,	 YFS961,	YFS930,	and	MM1198	 single	 colonies	were	 streak-plated	on	YPD	media,	







PCR	 amplification.	 For	 this	 process,	 these	 candidates	 were	 once	 again	 cultured	 overnight	 in	
liquid	 YPD.	 The	next	 day,	 1.5ml	of	 each	was	pelleted	by	 centrifugation	 at	 20,000	 x	 g	 for	 five	
minutes.	The	pellets	were	resuspended	in	200ul	of	cell	 lysis	buffer	and	immersed	in	a	dry	ice-
ethanol	bath	for	two	minutes.	Both	tubes	were	then	transferred	to	a	95°C	water	bath	for	one	
minute.	 This	 process	 was	 repeated	 and	 then	 200uL	 of	 chloroform	 was	 added.	 The	
microcentrifuge	 tubes	 were	 centrifuged	 at	 20,000	 x	 g	 and	 the	 supernadent	 was	 removed.	
Several	ethanol	washes	were	then	preformed	and	the	pellet	was	dried	at	room	temperature	for	
five	 minutes.	 Finally,	 the	 genomic	 DNA	 was	 resuspended	 in	 40ul	 of	 water.	 A	 cleanup	 was	
















DNA	 was	 ethanol	 precipitated	 by	 adding	 2.5V	 (1,125ul)	 of	 100%	 EtOH.	 After	 centrifugation,	



















	 A	 bacterial	 transformation	 was	 preformed	 in	 order	 to	 obtain	 a	 different	 fluorescent	
plasmid	candidate,	PFS449,	that	contains	a	GFP	derivative.	 In	order	to	do	this,	a	tube	of	dh5-
alpha	 E.	 coli	 competent	 cells	was	 thawed	on	 ice	 for	 10	minutes.	 50ul	 of	 the	 cells	were	 then	
pipetted	 into	 a	 microcentrifuge	 tube	 and	 1ul	 of	 diluted	 plasmid	 449	 DNA	 was	 added.	 This	
mixture	was	then	placed	on	ice	for	30	minutes	and	then	heat	shocked	for	30	seconds	at	42°C.	It	
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was	placed	back	 on	 ice	 for	 five	minutes	 and	 then	950ul	 of	 room	 temperature	 LB	media	was	
added.	 The	 tube	was	 then	 spun	 for	 one	 hour	 at	 37°C.	 Several	 10-fold	 serial	 dilutions	 of	 this	
mixture	were	 then	 plated	 on	 LB	 Carb	 and	 grown	 overnight	 at	 37°C.	 The	 next	 day,	 overnight	
cultures	of	six	candidate	colonies	were	made	and	a	miniprep	was	preformed	in	order	to	obtain	
the	plasmid	DNA.	1ul	of	the	DNA	was	run	on	a	1%	agarose	gel	in	order	to	determine	which	of	
the	 six	 candidates	 contained	 plasmid	 DNA.	 The	 candidates	 that	 contained	 DNA	 were	 then	








starter	 culture	 and	 grown	 until	 an	 OD600	 of	 1.2-1.5.	 The	 cells	 were	 spun	 down	 in	 500ml	
containers	 at	 3000	 rpm	 for	 10	minutes	 at	 4°C.	 The	pellet	was	 resuspended	 in	 25mls	 ice-cold	
dH2O	and	all	resuspended	yeast	was	combined	into	one	50ml	conical	tube.	The	cells	were	then	
spun	down	again	at	3000	 rpm	 for	5	minutes	at	4°C.	 The	 supernadent	was	discarded	and	 the	
cells	were	washed	with	50mls	of	ice-cold	dH2O,	then	they	were	spun	at	3000	rpm	for	5	minutes	
at	4°C.	Next,	the	yeast	paste	was	transferred	to	a	5ml	syringe	and	expunged	into	a	new	50ml	




	 Using	 the	Retsch	Ball	Mill	Grinder,	previously	made	yeast	noodles	were	ground	 into	a	
yeast	 extract	 for	 use	 in	 experimentation.	 First,	 the	 ball	 mill	 contained	 was	 cooled	 down	 by	
pouring	liquid	N2	over	it	until	a	‘bubbling’	effect	appeared.	The	yeast	noodles	were	put	into	the	
















with	 mNeonGreen	 from	 both	 pFS454	 and	 pFS455	 and	 transformed	 into	 yFS961	 in	 order	 to	
compare	the	strength	of	 fluorescence	between	the	two	fluorophores-	GFP	and	mNeonGreen.	
The	 MCM4-GFP	 and	 LacI-SNAP	 strain	 became	 yFS977	 and	 the	 MCM4-mNeonGreen	 from	






	 At	 this	 point	 in	 the	 project	 we	 began	 the	 process	 over	 due	 to	 the	 presence	 of	 a	
previously	 annotated	 LacI-FLAG	 present	 in	 yFS961	 that	 would	 compete	 with	 LacI-SNAP	 and	
complicate	 the	 experimental	 setup.	 Starting	 over	 began	 by	 fluorescently	 labeling	 MCM4	 by	







	 To	 create	 the	 LacI-SNAP	 strain,	 PCR-based	 cassette	 tagging	 was	 used	 to	 tag	 a	 CMV	
promoter	 and	 LacI	 from	 the	 plasmid	 pFS458	 using	 the	 primers	 LD223	 and	 LD224.	 Using	 the	
primers	 LD222	 and	 LD227,	 the	 pUC	 origin,	 ampicillin	 resistance	 marker,	 and	 the	 functional	
























loaded	 on	 plasmids	 containing	 single,	well-characterized	 replication	 origins	 from	G1	 arrested	
yeast.	 This	 goal	 was	 to	 be	 accomplished	 by	 first	 producing	 a	 yeast	 strain	 containing	 SNAP-




the	 SNAP	 tag	 allows	 for	 covalent	 attachment	 of	 a	 biotin-fluor	 tag	 called	 BG-biotin-649.	 In	
conjugating	 this	 tag	 to	 yeast	 extracts,	 LacI	 would	 be	 functionalized	 with	 both	 biotin	 for	




system	 failed	 and	 MCMs	 could	 not	 be	 quantified	 for	 several	 reasons.	 Not	 only	 was	 the	




able	 to	move	forward	with.	 In	changing	the	MCM4-GFP	tagging,	we	 inserted	a	10	amino	acid	
linker	between	the	genes	in	order	to	increase	the	functionality	of	the	GFP	tag.	In	creating	a	new	
LacI-SNAP	 plasmid,	 we	 were	 able	 to	 confirm	 that	 these	 genes	 were	 within	 reading	 frame,	
allowing	for	the	LacI-SNAP	fusion	protein	to	be	translated	correctly	once	inserted	into	the	yeast	
genome.		
	 For	 the	 future	 directions	 of	 this	 project,	 the	 TALO8	 plasmid	will	 be	 transformed	 into	
yFS990	 and	 this	 strain	 will	 be	 used	 to	 optimize	 extract	 purification.	 Once	 the	 purification	 is	
successful	 and	 single	plasmid	molecules	 can	be	 immobilized,	TIRF	microscopy	will	be	used	 to	
quantify	the	number	of	GFP	fluorescent	MCM4s	bound	to	ARS1	by	way	of	photobleaching.	With	





	 Determining	 the	 number	 of	 MCMs	 bound	 to	 specific	 origins,	 both	 endogenous	 and	
mutated,	 will	 help	 test	 the	 hypothesis	 that	 the	 number	 of	 MCMs	 loaded	 on	 origins	 of	
replication	determines	firing	efficiency	and	timing.	This	process	is	significant	because	the	timing	
of	 genome	 replication	 in	 S	 phase	 has	 been	 correlated	 with	 gene	 expression,	 cellular	
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